In solids, heterogeneous catalysis is inherently bound to reactions on the surface. Yet, atomically efficient preparation of specific surfaces and the characterization of their properties are impeding its applications towards a clean energy future. Here, we present the synthesis of single layered IrOOH nanosheets and investigations of their structure as well as their electrochemical properties towards oxygen evolution under aqueous acidic conditions. The nanosheets are synthesized by treating bulk IrOOH with a tetrabutylammonium hydroxide solution and subsequent washing. Electron diffraction shows that the triangular arrangement of the edge sharing Ir(O,OH) 6 octahedra found in the layers of bulk IrOOH is retained after exfoliation into single layers. When incorporated as an active component in Ti electrodes, the nanosheets exhibit a Tafel slope of 58 (3) 
In solids, heterogeneous catalysis is inherently bound to reactions on the surface. Yet, atomically efficient preparation of specific surfaces and the characterization of their properties are impeding its applications towards a clean energy future. Here, we present the synthesis of single layered IrOOH nanosheets and investigations of their structure as well as their electrochemical properties towards oxygen evolution under aqueous acidic conditions. The nanosheets are synthesized by treating bulk IrOOH with a tetrabutylammonium hydroxide solution and subsequent washing. Electron diffraction shows that the triangular arrangement of the edge sharing Ir(O,OH) 6 octahedra found in the layers of bulk IrOOH is retained after exfoliation into single layers. When incorporated as an active component in Ti electrodes, the nanosheets exhibit a Tafel slope of 58(3) mV dec À1 and an overpotential of h 10 mA cm À2 ¼ 344(7) mV in 0.1 M HClO 4 , while retaining the trivalent oxidation state of iridium. They outperform bulk rutile-IrO 2 and bulk IrOOH as electrocatalytic water oxidation catalysts under the same conditions. The results of this study on the structure-property relationships of low valence IrOOH nanosheets offer new pathways for the development of atom efficient, robust and highly active oxygen evolution catalysts.
Introduction
Electrochemical splitting of water into hydrogen and oxygen is of immense technological interest to realize hydrogen as a storage medium for the energy generated from renewable resources.
1
Even though the generation of hydrogen is the main goal, the oxygen evolution reaction (OER) is the bottleneck in this process. 2, 3 Due to the number of complex intermediates and the need to transfer four electrons instead of two in a concerted fashion, this reaction is kinetically challenging, leading to a higher overpotential needed to drive the oxidation of water. Apart from these energetic requirements, OER catalysts also have to be cheap to manufacture, stable over time and chemically resistant to environments of high and/or low pH values. 4 While many newly investigated catalysts meet most of these stringent requirements, 5-10 none of them can compete with ruthenium oxide and iridium oxide regarding catalysis in acidic media. Rutile-type IrO 2 (rutile-IrO 2 ) is a state-of-the-art catalyst and it is used to benchmark the activities of new materials due to its high stability against decomposition under acidic conditions.
11
To keep iridium oxide catalysts competitive despite their very low natural abundance, strategies such as nanostructuring, scaffolding and electronic design have been applied to increase their OER activity whilst minimizing the amount of active catalyst material. The synthesis of nanoparticles shows great promise, as a small overpotential of h ¼ 0. 25 
16-19
The presence of trivalent iridium and the high surface area of the amorphous state are both prerequisites for excellent OER activity, which surpasses that of rutile-IrO 2 .
In two more recent papers, the promising electrocatalytic properties of IrO 2 nanosheets have been explored. 20, 21 The investigated material is layered and crystalline and acts as a catalyst towards OER in 0.1 M HClO 4 with a Tafel slope of 57-62 mV dec À1 . Due to the lack of other electrochemical parameters, e.g. the overpotential, as well as the crystal structure of the material, no structure-property-activity relationships were established.
Here, we present IrOOH nanosheets prepared from recently investigated bulk IrOOH via the tetrabutylammonium hydroxide (TBAOH) exfoliation route. The results of our investigation link the structure of the nanosheets and their electrochemical behavior. We studied this system due to the layered nature of the parent compound as well as the rare oxidation state of Ir observed in the bulk material.
22 Similar to the bulk compound, the nanosheets consist of a triangular arrangement of Ir III (O,OH) 6 octahedra and are stable in acidic environments.
Yet, due to an advantageous combination of single layer morphology and a low iridium valence state, the IrOOH nanosheets surpass both bulk IrOOH and rutile-IrO 2 as catalysts for the OER under the same conditions.
Results and discussion

Preparation and structure of IrOOH nanosheets
IrOOH nanosheets were prepared by an ultrasonication-assisted exfoliation of bulk IrOOH (obtained by acid treatment of K 0.75 Na 0.25 IrO 2 ) in an aqueous TBAOH solution and subsequent washing. The resulting dispersion was deep blue as displayed in the inset in Fig. 1a , similar to the bulk IrOOH powder. The nanosheets were stabilized by a zeta-potential of À36.4 mV, indicating a negatively charged surface as well as an intermediate dispersion stability versus agglomeration. Dispersions of the monolayers were stable against agglomeration for 4-6 weeks.
The IrOOH nanosheets could easily be deposited on various surfaces, either on SiO 2 -Si substrates (270 nm SiO 2 , thermally grown) as displayed in Fig. 1 or on Ti substrates (Fig. S3 †) . Aer drying, no redispersion of the deposited layers was observed upon wetting with water, which indicates the absence of TBA + and its hydrate shell. The single layers have lateral dimensions between 0.5 and 7 mm and are 1.02(8) nm in height, as can be seen in Fig. 1b . The monolayer height differs from the height of 0.5 nm of a single crystalline slab in the bulk 22 due to a layer of water surrounding the nanosheet, which is subsequently trapped between the nanosheet and the underlying support.
23
Before washing, a nanosheet layer height of 1.60(8) nm was observed, which suggests the presence of TBA + between the nanosheet and the substrate. Upon washing, TBA + is removed and the height reduced from 1.6 to 1.0 nm. The difference coincides with the height of the TBA + cation. The absence of TBA + is also indicated by the energy dispersive X-ray spectroscopy (EDX) line scans in transmission electron microscopy (TEM), where no nitrogen was detected. The in-plane structure of the IrOOH nanosheets was investigated by TEM with selected area electron diffraction (SAED), EDX on single nanosheets and powder X-ray diffraction (PXRD) on a nanosheet pellet. Fig. 2a Fig. 2b and c. The reections were indexed based on the bulk IrOOH structure with the
22
In order to verify the structural integrity of the IrOOH nanosheets under anodic conditions, we analyzed a multilayer nanosheet lm by TEM imaging and SAED aer electrocatalysis, which resulted in the image and diffraction pattern displayed in A comparison of the diffraction data of the nanosheets and known layered bulk compounds is listed in Table 1 . The results from the SAED measurements of the nanosheets only slightly deviate from the values obtained from TEM and X-ray diffraction of the bulk compounds. As the deviations are well within the margin of error of electron diffraction (z5%) and TEM-EDX suggests a composition close to the formula IrO 2 , the data indicate the retention of the in-plane structure and composition of IrOOH during the exfoliation process. The results were reproducible for single nanosheets (TEM) as well as an ensemble of nanosheets in the form of a pellet (PXRD). Consequently, the nanosheets dispersed in water consist of a triangular layer of the edge sharing IrO 6 The IrOOH nanosheets are structurally and chemically related to other systems which are relevant to electrocatalysis, as displayed in Fig. 3 . The rst related material is an electrocatalytically activated Ir-Ni mixed oxide thin lm system, which features SAED patterns similar to a layered brucite-type structure with increasing Ni content while being X-ray amorphous.
29
Under highly corrosive anodic conditions, Ni is leached out, leaving behind a porous surface with an extraordinarily high hydroxyl surface coverage, as displayed schematically in Fig. 3b and discussed in more detail further below. Other related compounds include the highly active oxyhydroxides of the 3d transition metals Mn, Fe, Co, and Ni as well as the layered double hydroxides. 9, 30 The structure of a CoOOH layer is shown in Fig. 3c . The oxyhydroxide electrocatalysts exhibit some of the lowest overpotentials with regard to OER catalysis for medium to high pH values. Further enhancement in the activity of these layered catalysts was achieved by exfoliation, doping, or the addition of phosphate or borate buffers. 9, 31, 32 The IrOOH nanosheets also structurally resemble the (2 Â 2) iridium oxide overlayer, which grows on the Ir(111) surface under low oxygen pressures at room temperature. 33 The structure model that best describes the measured data is displayed in Fig. 3d , where the oxygen atoms reside above or below the vacancy in the triangular top layer of iridium. An Ir-O distance of 2.04Å has been observed, a value similar to the Ir-O distances of 2.070(5)Å and 2.041(4)Å in K 0.75 Na 0.25 IrO 2 and bulk IrOOH, respectively, obtained from X-ray diffraction.
22
Recent work reported on the nanosheets of IrO 2 20 which could have a structure similar to the IrOOH nanosheets presented here. The similar in-plane lattice parameters of 3.1Å as well as the presence of trigonal/hexagonal symmetry within the plane hint at similarities between the nanosheets of IrO 2 and the IrOOH nanosheets prepared by our method. In the following paragraph, we present the relation between the crystal structure and electrochemical properties of the IrOOH nanosheets.
Electrochemical characterization
To investigate the relationship of the IrOOH structure and its electrochemical properties, the IrOOH nanosheets were incorporated into electrodes by drop-casting the nanosheet dispersion onto titanium. Our deposition approach utilizes the intermediate stability of the IrOOH nanosheet dispersion and the subsequent agglomeration upon evaporation of the solvent. Electrodes were prepared by heating Ti platelets in an aqueous solution of oxalic acid to remove the surface oxide and then drop-casting an ink of the catalyst onto the Ti substrate heated to 160 C, followed by annealing for 30 min at the same temperature to remove the residual solvent. 34 Once the sheets agglomerate on the Ti surface, they do not redisperse, thus eliminating the need for a binder. This is crucial, as possible carbon-based binders have limited stability at the high potentials required during electrolysis in acidic media. 35 At least ve as-prepared dimensionally stable anodes (DSA) with loadings of 0.2 mg cm À2 and a geometric surface area of 1 cm 2 were characterized for the IrOOH nanosheets, bulk IrOOH and rutile-IrO 2 in a water splitting setup with an Ag/AgCl/saturated KCl reference electrode, which is schematically depicted in Fig. 4a . The nanosheet coverage of the Ti substrate was estimated to be greater than 95% of the substrate surface from SEM, as only very few spots of the bare Ti substrate were found by back scattered electron detection. The SEM images and additional comments on the electrode coverage are presented in the ESI. † The electrocatalytic properties of the IrOOH nanosheets were investigated by collecting the current-voltage curves of a 0.1 M HClO 4 electrolyte. The activities were compared to those of bulk IrOOH and bulk rutile-IrO 2 in terms of the Tafel slope, overpotential at 10 mA cm À2 and the current density at 300 mV of overpotential.
The current-voltage data were tted to the Tafel equation (eqn (1)),
where h is the overpotential, b is the Tafel slope, j is the current density, and j 0 is the exchange current density. The data were corrected by subtracting the open circuit potential of a hydrogen saturated Pt/Pt electrode couple and applying a correction for the internal resistance, thereby excluding the effect of variations of the pH. The Tafel slope was determined from individual ts of ve different samples of the same material. The error results from the standard deviation of the average value. The stability of the electrodes was tested by chronopotentiometry at 1 and 10 mA cm À2 . The plots of the collected data are displayed in Fig. 4b and c. 
33
The Tafel slope was extracted by tting the Tafel equation to the linear region of the plot of h vs. log j. We found bulk rutileIrO 2 and IrOOH to have Tafel slopes of 70 (2) The restructuring of these hydroxyl groups might also be responsible for the rate determining step in bulk IrOOH and nanosheets; however, more careful systematic investigations are needed to elucidate the surface chemistry of IrOOH. As seen in the inset of Fig. 4c , the nanosheets of IrOOH and IrO 2 (ref. 20) show similarities in the Tafel slope, thus indicating that the previously reported IrO 2 -nanosheets feature a similar catalytically active environment.
The overpotential h needed to drive the OER was calculated for a current density of j ¼ 10 mA cm À2 utilizing the Tafel equation. The current density of j ¼ 10 mA cm À2 mimics the output of a high end solar to hydrogen device with 12% efficiency. 9 The overpotentials of bulk rutile-IrO 2 and IrOOH are h 10 mA cm À2 ¼ 415(5) mV and h 10 mA cm À2 ¼ 433(5) mV, respectively. The IrOOH nanosheets exhibit a signicantly reduced overpotential of h 10 mA cm À2 ¼ 344(7) mV. Aer a small initial increase, the OER potential of the nanosheet electrodes remained constant for j ¼ 1 mA cm À2 over 7 h, as seen in the inset of Fig. 4b . As chronopotentiometry was performed in 0.1 M HClO 4 , the measurements prove the acid stability of the IrOOH nanosheet electrodes. At a current density of 10 mA cm À2 , the intense O 2 gas bubble formation led to a ragged chronopotentiometric curve as well as to visually observable catalyst ablation and thus a gradual reduction in activity.
A third descriptor used to compare the performance of the electrocatalysts is the current density j measured at an overpotential of 300 mV. Bulk rutile-IrO 2 and IrOOH have relatively low current densities of j 300 mV ¼ 0.217(7) mA cm À2 and j 300 mV ¼ 0.172(15) mA cm À2 , respectively, while the current density of the nanosheet electrodes at h ¼ 300 mV is approximately one order of magnitude larger with j 300 mV ¼ 1.8(4) mA cm À2 . The high current density observed in the nanosheet electrodes could potentially indicate a higher reaction rate of the nanosheets compared to that of the bulk materials. Thus, exfoliation results in an increased electrocatalytic activity of the nanosheets compared to the bulk compounds, as described by the summary of the three electrocatalytic indicators in Table 2 .
X-ray photoelectron spectroscopy
To verify the retention of the trivalent oxidation state specic to the IrOOH nanosheets, the nanosheet electrodes were characterized by X-ray photoelectron spectroscopy (XPS) aer electrolysis and compared to bulk IrOOH and bulk rutile-IrO 2 . The Ir 4f 7/2 and 4f 5/2 peaks observed in each spectrum were tted with two components and additional satellites according to the Wertheim-Kotani model, which states that more than one component is necessary for the t due to the asymmetric peak shape. 38 The peak shapes become less asymmetric when going from rutile-IrO 2 to bulk and nanostructured IrOOH, which has been associated with a decrease in metallicity. 29 The iridium valence state was analyzed by comparing the position of the Ir 4f 7/2 and 4f 5/2 peaks, which were observed at 62. 
Discussion
In light of these ndings, the differences in the electrochemical behavior of the IrOOH nanosheets compared to bulk IrOOH and rutile-IrO 2 can be understood by considering the octahedral connectivity, electron conguration of iridium, morphology variations, changes due to the protonation and density of the surface hydroxyl species. In IrOOH, the [IrO 6 ] octahedra are edge connected to six neighbors, while one octahedron is edge linked to two octahedra and corner connected to another eight octahedra in rutile-IrO 2 . This difference in connectivity could have a sizeable inuence on the number of possible congu-rations as well as the energetic landscape of the active site. Additionally, prior research suggests that tetravalent rutile-IrO 2 with its 5d 5 electron state is a metallic conductor, while layered
IrOOH is a semiconductor with a low spin 5d 6 electron cong-uration for trivalent iridium. 22 Such a decrease in valency of the metal center has been correlated with an increased OER activity in mixed valence compounds such as amorphous IrO x 19, 39, 40 or the pyrochlore Y 2 Ru 2 O 7Àd . 41 In both examples, the presence of trivalent metal centers has been identied as a critical ingredient for excellent catalytic activity. In bulk IrOOH, Ir is purely trivalent, which leads to the presence of a band gap. While this represents a disadvantage in terms of conductivity, IrOOH can be exfoliated into nanosheets. In our work, these nanosheets showed a reduced overpotential compared to the bulk of IrOOH and rutile-IrO 2 . Similar reductions in the OER overpotential of nanosheet materials have been observed in previous investigations on semiconducting layered double hydroxides.
9 There, apart from exposing an increased number of active sites, exfoliation leads to a shortened electron path length and, possibly, a more facile percolation from the conducting substrate through the catalyst to the solid-liquid interface, 9,42 and consequently to smaller interfacial resistances. Exfoliation can also free up the path towards metallic edge states on undercoordinated metal cations, which have been linked to the enhanced catalytic activity for the hydrogen evolution reactions in MoS 2 nanosheets. [43] [44] [45] Another potentially benecial factor is good coverage with hydroxyl species on the catalyst surface, which is 50% in IrOOH. In a previous work, this high hydroxyl coverage was created on the surface of thermally grown Ir-Ni mixed oxide lms by leaching of Ni under anodic conditions, as shown in Fig. 3b . 29 There, the porous surface features a high density of weakly bound hydroxy groups, which act as the reactive surface intermediates for the OER. A combination of these effects could explain the decrease in overpotential observed upon the exfoliation of IrOOH, which allows its use as a catalyst at low precious metal loadings.
Additionally, the presented catalyst is interesting when considering the OER mechanism and degradation pathways found in rutile-IrO 2 under anodic conditions. Recent literature suggests that the oxidized metallic Ir lms and rutile-IrO 2 catalyse O 2 evolution in a two-electron per Iridium reaction going through Ir V and Ir III intermediates. 35, 46 Degradation occurs either by oxidation of pentavalent Ir oxyhydroxide to water soluble hexavalent IrO 4 2À on the active site or by dissolution of oligomeric IrOx hydrates containing corner sharing, mixed tri-and tetravalent IrO 6 octahedra. 19, 35, 39, 46 In contrast, the IrOOH nanosheets presented in this work feature a lower valence state of Ir in a motif similar to brucite-type structures such as CoOOH. There, cobalt is trivalent and arranged in layers of edge sharing Co(O,OH) 6 octahedra in the resting state. Under OER conditions, the oxidation state of Co cycles between Co II , Co III and Co IV . 47, 48 Similarly, the change to trivalent iridium as well as the layered structural motif could shi the balance away from the degradation reactions towards the competing O 2 pathway, thus decreasing the likelihood of oxidative decomposition in the nanosheets. Therefore, the IrOOH nanosheets presented in this work are not only of high interest for fundamental studies on electrocatalytic oxygen evolution from water, but also have the potential to excel in industrial applications. The synthesis was adopted from the literature 22 and modied. In a typical experiment, 38.2 mg (0.2 mmol, 1 eq.) of iridium was ground with a ux of 82 mg (0.6 mmol, 3 eq.) 90 wt% K 2 CO 3 and 10 wt% Na 2 CO 3 , and then heated in a corundum crucible in air for 15 h at 900 C. The product was quenched to room temperature and quickly transferred to an argon lled glove box. The resulting dark grey, powdery mixture was characterized by PXRD; see Fig. S1 . † 4.1.2 Bulk IrOOH. The mixture of K 0.75 Na 0.25 IrO 2 and remaining ux was washed with HCl (1 M, 1 mL mg À1 ) to exchange the alkali metal ions with protons and to remove the remaining carbonate ux as well as the soluble side phases. The mixture was shaken using an orbital shaker for 5 d; the supernatant acid was decanted and exchanged daily. The nal product was washed with water and dried at 100 C for 30 min.
The resulting, violet metallic powder was examined by PXRD. 4.1.3 IrOOH nanosheets. IrOOH (33.8 mg; 1.5 mmol) was soaked in a 10 mM aqueous solution of TBAOH with a molar ratio of TBAOH : IrOOH of 2 : 1. Aer ultrasonicating the dispersion for 30 min, it was centrifuged at 1000 rpm and the supernatant was separated from the unexfoliated solid components. Subsequently, the supernatant dispersion was centrifuged at 15 000 rpm for 30 min to precipitate the nanosheets, and the TBAOH solution was decanted and exchanged for doubly distilled H 2 O, yielding a dark blue dispersion. This exchange of the TBAOH-containing supernatant for water was critical, as the nanosheets deposited from a TBAOH containing solution redispersed aer deposition, impeding their electrochemical characterization. To prevent agglomeration, the suspension was stored at 4 C. The nanosheets were investigated by transmission electron microscopy (TEM) with EDX, atomic force microscopy (AFM), zeta potential and electrochemical measurements. A nanosheet pellet was investigated by transmission powder X-ray diffraction. 4.1.4 Electrode preparation. Ti platelets of dimension 10 mm Â 10 mm were ultrasonicated in an aqueous detergent solution, washed with doubly distilled water and subsequently etched in an aqueous solution of 10 wt% oxalic acid for 2 h at a slight boil while stirring. 34 Aer 60-90 min, the colorless, transparent solution turned brown. The platelets were then washed with water and isopropanol, followed by drying in air. The SEM image of the surface of a neat Ti platelet is displayed in Fig. S2 . † Electrodes of the nanosheets and bulk compound IrOOH and commercially available rutile-IrO 2 were prepared by drop-casting. The nanosheet suspension was drop-cast onto the etched Ti platelets at 160 C in steps of 0.1 mL until coverage of 0.2 mg cm À2 was reached. The substrates were then annealed for 20 min at 160 C. SEM images of the thus covered Ti platelets are displayed in Fig. S3 . † The electrodes of bulk IrOOH and commercially available powder of bulk rutile-IrO 2 were processed into inks by dispersing 4 mg mL À1 in an isopropanol water solution (2 : 1, v/v) in an ultrasonic bath for 30 min, then deposited onto the Ti platelets at T ¼ 160 C and heated for another 20 min. The loaded substrates were contacted to a wire using silver paste and the back side insulated with epoxy glue, yielding electrodes of a 1.00 cm 2 geometrical surface area.
Characterization
Electrochemical characterization.
The electrochemical characterization was conducted as closely as possible to previously reported best practice procedures.
11, 49 The prepared electrodes were investigated in a three-electrode setup with 0.1 M HClO 4 as the electrolyte. The setup consisted of the working electrode (WE), a platinum counter electrode (CE) as well as a Ag/ AgCl/saturated KCl as the reference electrode (RE, 0.197 V vs. SHE), attached to an Ivium CompactStat potentiostat/galvanostat/ zero resistance ammeter. All glassware was cleaned with aqua regia and rinsed with water to avoid cross contamination. If not mentioned otherwise, the scan speed was set at 5 mV s À1 between 1.0 V and 1.5 V (vs. Ag/AgCl) to avoid bubble formation. The potential of the RE was measured with respect to a reversible hydrogen electrode (RHE) with Pt as the WE and CE. Prior to calibration, hydrogen was bubbled through the same electrolyte which was later used in the electrochemical characterization experiment for at least 15 min. All data presented are scaled to the RHE. For the OER measurements, the system was saturated with O 2 for at least 15 min prior to the characterization of the WE. Ohmic drop correction was performed using electrochemical impedance spectroscopy (EIS) as well as the current interrupt method. All data were corrected for internal resistance (iR) using the Ivium Potentiostat soware. To identify the region of interest, initial cyclovoltametric (CV) measurements were performed over a range of À0.1 to 1.6 V and the tested electrodes were discarded. The long term stability was tested by chronopotentiometry at 1 mA cm À2 over 7 h and at 10 mA cm À2 over 14 h.
Additional analytical techniques.
AFM was performed on an MFP-3D AFM (Asylum Research/Oxford Instruments) in the intermittent contact mode with an Olympus cantilever (resonance frequency approximately 300 kHz). The height of one layer was determined over 30 edges. To exclude aberrations by chemical contrast between the substrate and IrOOH nanosheet, the height was determined on folded and/or overlapping nanosheets. The TEM samples were prepared by dropping the colloidal nanosheet suspension of the IrOOH nanosheets onto a lacey carbon lm/copper grid (Plano) and subsequent drying under IR-light irradiation. TEM was performed with a Philips CM30 ST (300 kV, LaB 6 cathode), and with a CMOS camera (TemCam-F216, Tietz) for recording bright eld images and SAED patterns. The simulation of the diffraction pattern was performed with the program JEMS (Stadelmann). PXRD was performed on a Stoe StadiP utilizing Ag-K a1 radiation (Ge(111) monochromator, l ¼ 0.559410Å) with a MythenK detector in Debye-Scherrer geometry. The program WinXPOW (Stoe) was used to analyze the PXRD data and LeBail ts were performed with the TOPAS program (Bruker AXS). X-ray photoelectron spectroscopy was carried out in a commercial Kratos Axis Ultra system with a monochromatized Al K a source (1486.6 eV) with a base pressure in the lower 10 À10 mbar range. The binding energy (BE) was calibrated by setting the C 1s BE to 284.8 eV with respect to the Fermi level. High-resolution spectra were acquired with an analyzer pass energy of 20 eV. Analysis of the XPS data was performed with CasaXPS soware. The energy separation of the Ir 4f 7/2 and Ir 4f 5/2 was constrained to 2.98 eV.
50
The zeta potential was measured on the Zetasizer (Malvern). SEM imaging was performed on a Merlin SEM (Carl Zeiss AG).
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